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ABSTRAKT, KLÍOVÁ SLOVA 
 
ABSTRAKT 
Práce se zabývá zmnou výrobního procesu výroby tlakového zásobníku systému Common 
Rail. P!edmtem práce je také návrh a úprava upínacího p!ípravku pro výrobu kovaných 
tlakových zásobník" pro obrábcí centra ELHA.  
KLÍOVÁ SLOVA 
Common, Rail, p!ípravek, upínací, #elist, konstrukce, obrábní, nástroj, výroba 
ABSTRACT 
Work deals with change of manufacturing process of Common Rail System high pressure 
storage rail. Work also deals with new design and modification of clamping fixture for 
machining of hot forged rails by ELHA machining center. 
KEYWORDS 
Common, Rail, clamping, fixture, jaw, construction, design, machining, tool, manufacturing 
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INTRODUCTION 
 
INTRODUCTION 
In these days most people use passenger cars as main mean of transport. Also the market 
globalization in last years increases the use of transport. This provides huge amount of 
dangerous emissions. To reduce these emissions and lower their influence on natural 
environment and also human health it is necessary to improve contemporary engines and all 
engine equipments. Common Rail System is great example how to contribute to solve this 
worldwide problem. Its main aim is to increase diesel engine efficiency, make injected fuel 
better to vaporize and ignite, decrease of emissions and fuel consumption.  
This work concerns with common rail system parts (rail bodies) machining and 
manufacturing. The level of quality of final product is very important to carefree and reliable 
performance. 
There are two different types of rails used in Common Rail systems  hot forged rail, laser 
welded rail. The model situation for this work is decrease of demand of laser welded rails. In 
this case it will come stop of laser welded rail production and bring increase of demand of hot 
forged rails. The aim of this work is to come with a plan of production of hot forged rails in 
this situation, using machines which are being used now for machining of laser welded rails. 
This means to come with plan of machines use, machining operations order, tools use and 
most importantly design of clamping fixture for possible process.    
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1 DIESEL ENGINE 
Engine is a machine mainly used to change the heat energy into mechanical energy. This 
means it provides change of amount of fuel into rotary motion of crankshaft and then torque 
moment.  
The diesel engine is type of internal combustion engine, which uses diesel oil as a fuel. 
 
1.1 DIESEL ENGINE HISTORY 
The diesel engine was invented by Rudolph Diesel (1858  1913) in late 19
th
 century and 
patented in 1892. The first functionally prototype was constructed in 1897 (fig. 1) together 
with MAN company, after some unsuccessful dangerous tests. Principe was to ignite the fuel 
by high temperature caused by high pressure in the engines working space with high 
efficiency. The efficiency of this first functionally diesel engine was round about 25%, what 
was much more than in case of steam engine. 
                                   
Fig. 1 The first diesel engine  1897(left) Chyba! Nenalezen zdroj odkaz. compared to modern 
azda Skyactiv-D diesel engine  2011; 114 years of progress [21]  
Advantages of this type of engine were usage of petroleum oil (also vegetable oil), lower 
consumption, higher efficiency and smaller compact construction in comparison to steam 
engine, which was mainly used in those times.  
Fuel distribution and injection was the main problem of diesel engine. The amount of fuel was 
injected by compressed air steam for what was necessary to have huge and heavy, expensive 
and complicated facilities. Because of huge air compressor and other devices was this 
machine not suitable for cars. This was later solved by pre-chamber combustion. In 1923 
Benz of Manheim factory produced the first vehicle with diesel engine with pre-chamber 
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injection mounted into 5-ton truck.  In 1927 Bosch company started to produce fuel pumps, 
this was the year when the diesel engine revolution really has begun.  In 1936 Mercedes-Benz 
brought out the first passenger car, Mercedes 260D (fig. 2), powered by diesel engine.  
 
Fig. 2 Mecedes-Benz 260D [8] 
 
1.2 DIESEL ENGINE FUNCTION 
The diesel engine is an internal combustion engine type used petrol fuel. Fuel ignition is 
provided by high temperature inside of cylinder caused by high pressure, this is why it is 
called compression ignition engine. The diesel engine power control is based on qualitative 
basis in comparison to gasoline engine where the power control is based on quantitative basis. 
This means that the engines power is set by intake air/amount of fuel ratio.  
The target is to approach Carnot cycle but this is not possible. The ideal and real diesel engine 
cycle is on fig. 3. Differences between ideal and real cycle are caused by not ideal conditions 
during engines work, not ideal and accurate temperature and pressure values, thermal and 
hydraulic loss, time delays, etc. 
       
Fig. 3 The diesel ideal (left;[7]) and real (right;[1]) cycle 
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To obtain high pressure inside of engines working space is needed high compression ratio. 
Compression ratio by contemporary diesel engines is between 15  20. The temperature in 
time of fuel injection must by higher than fuel ignition temperature which is between 800°C 
and 900°C. Fuel combustion proceeds in special, optimal shaped space in piston (in modern 
engines without pre-chamber; piston on fig. 4).  
 
Fig. 4 Modern diesel engine piston [10] 
1.2.1 FUEL MIXTURE 
Creating of fuel mixture in diesel engine can not proceed in intake system because 
vaporization of petroleum oil is not as easy as in case of gasoline engine. This is caused by 
fuel attributes. Therefore   it is not possible to use carburetor or injection to intake system 
(MPI  multi point injection) to create optimal fuel-air mixture.  
There are two basic types of fuel mixture making processes in diesel engines: 
- in pre-combustion chamber (thermic), 
- in main combustion space (with direct injection). 
Pre-combustion chamber engines are not used in contemporary passengers cars because of 
higher hydraulic and thermal loss.  
In todays vehicles equipped with diesel engines are used entirely systems of direct fuel 
injection. In this case the accurate amount of fuel is injected into main consumption space, 
which is only in the piston head. It is necessary to vaporize all fuel before ignition and do not 
let fuel stick to the surface of the piston. The quality of vaporization is influenced by fuel 
injection pressure, injector nozzle shape, number of injection slots, number of injections, air 
turbulence, etc. Injection nozzle optimal style and high injection pressure are necessary to 
make as small fuel drops as possible. This means larger surface of drops and this is very 
important factor needed for creating really well mixed fuel-air mixture. Better fuel-air mixture 
quality and higher ratio of vaporization brings higher engine efficiency and therefore lower 
emissions exhalation. 
1.2.2 INJECTION SYSTEMS 
There are many systems of high pressure fuel distribution and injection. The basic parts of 
each system are pump and injector. The pump makes a high pressure fuel flow from low 
pressure fuel flow, which is delivered from fuel tank by low pressure pump. The injector 
injects this high pressured fuel into engines working space. Main differences between 
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injection systems are in maximal injection pressure, its regulation and regulation of injection 
timing and duration. On fig. 5 there is an illustration of Bosch diesel engines fuel injections 
systems and their application. 
  
 
Fig. 5 Diesel engine fuel injection systems [3] 
 
Fuel delivery, pressure value and injection timing of most of these systems are dependent on 
value of revolutions of the engine. This is not a problem of system Common Rail. 
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2 COMMON RAIL SYSTEM 
Common Rail System is a system of diesel engine fuel injection. It differs from other 
injection systems by using rail accumulator, where high pressured fuel is stored. Injectors and 
fuel injection is controlled by electronic diesel control (ECU) of system. Therefore fuel 
injection is fully variable.   
 
2.1 HISTORY 
The first idea of injection system with fuel accumulator was described by Rudolph Diesel in 
1912 but without realization. In about 1942 there was used the first engine with injection 
based on this principle in boat Cooper-Bessemer GN-8, system was known as modified 
common rail. Later, in 1960s was the common rail system prototype developed by Robert 
Huber in Switzerland and further innovated by Dr. Marco Ganser at the Swiss Federal 
Institute of Technology in Zurich. In 1990s more automotive manufacturers worked on 
functional common rail systems useable for mass produced vehicles, such as FIAT, Elasis, 
Magneti Marelli, Robert Bosch GmbH, Denso Corporation. In 1993 Robert Bosch GmbH 
company bought patents of common rail system from FIAT and continued in development. In 
1997 there was the first generation of Bosch Common Rail System ready for the market 
launch. The first passenger car equipped by the common rail system was Alfa Romeo 156 1.9 
JTD. More about the history of common rail injection systems in [1], [2], [11], [12]. 
 
2.2 BOSCH COMMON RAIL SYSTEM DEVELOPMENT 
Till now there have been developed four generations of Bosch Common Rail System. Sources 
of information for this chapter are [2], [3], [4], [11], [13], [15].  
 
2.2.1 1
ST
 GENERATION 
The first generation came to the market of mass-produced passenger cars in 1997, first in Alfa 
Romeo 156 1.9 JTD. System was able to produce injection pressure up to 1350 bar. System 
was equipped by CP1 high-pressure pump with three radial pistons and injectors controlled by 
solenoid valves. Injection process consisted of three cycles - pilot injection, main injection 
and post injection. 
 
2.2.2 2
ND
 GENERATION 
 In 2001 came the 2
nd
 generation of Bosch Common Rail System with raised maximal 
injection pressure up to 1600 bar. This increase of pressure brought better fuel dispersion, 
therefore lower fuel consumption and lower emission exhalation, more power and lower noise 
level. System was equipped by new designed high-pressure pump CP3 (some variants also 
with CP1H pump) and also solenoid injectors as by the 1
st
 generation. 
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2.2.3 3
RD
 GENERATION 
The 3
rd
 generation was brought out in 2003 with new type of piezo inline injectors. There 
were three variants of 3
rd
 generation system. The first variant used CP3 pump and maximal 
pressure was still 1600 bar, the second variant came with improved pump known as CP4 with 
one piston and maximal injection pressure 1800 bar. The third variant was equipped by CP4 
pump with two pistons generated maximal pressure 2000 bar.   This brought also reduction of 
fuel consumption, emission exhalation, increase of engines power, etc. 
 
2.2.4 4
TH
 GENERATION   
The 4
th
 generation, called Hydraulically Amplified Diesel Injection System  HADIS, brings 
next pressure increase using new injector with hydraulic pressure amplification. This means 
the fuel pressure in rail accumulator can be lower  about 1350 bar, than the fuel pressure is 
boosted directly in injector by hydraulic amplification system. This provides fuel injection 
pressure up to 2500 bar.  
 
All these Common Rail System generations are shown on fig. 6. 
 
 
Fig. 6 Bosch Common Rail System generations overview [14] 
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2.3 APPLICATION 
Common rail system is todays most used and widespread injection system for diesel engines. 
As it is shown in table on fig. 5 common rail system can be used in vehicles from the smallest 
car engines with low power till biggest ship engines with a lot of power. The smallest engine, 
where should Bosch Common Rail System should be used is small single cylinder engine 
(cylinder volume about 550-650 cm
3 
and engine power 25-30 hp) which is being involved for 
Tata Nano [18].    
2.4 FUNCTION 
Common Rail System is a system of petroleum fuel injection for diesel engines. It differs 
from other used injection systems by fully controlled injection process. In case of Common 
Rail System there is separated the part of fuel suction and creating high pressure and the part 
of injection itself. Fuel is pressured by the high pressure pump and sent to the fuel 
accumulator  the rail. In the rail is the pressured fuel stored with (almost) constant value of 
pressure. Then, dependent on ECU, is sent to injectors and injected to the engines 
combustion chamber. Scheme of whole Common Rail System is shown on fig. 7. 
 
Fig. 7 Common Rail System overview [3] 
Common Rail System consists of two main circuits: 
1) Low pressure circuit, 
2) High pressure circuit. 
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2.4.1 LOW PRESSURE CIRCUIT 
The low pressure circuit (marked by yellow color on fig. 7) consists of: 
- fuel tank, 
- predelivery pump, 
-  fuel filter, 
- low pressure circuit. 
The main task of the low pressure circuit is to deliver low pressured and filtrated fuel (3-7 
bar) to the high pressure pump. Next task is to get back the excess fuel from the injectors, the 
rail and from the high pressure pump.  
2.4.2 HIGH PRESSURE CIRCUIT 
High pressure circuit (on fig. 7 marked with red color) consists of: 
- high pressure pump with control valve, 
- rail pressure actuator with pressure sensor and pressure control valve, 
- injectors, 
- high pressure piping. 
The main task of the high pressure circuit is to pressure the fuel in the high pressure pump, 
which is then delivered into rail accumulator where is being stored and in required time is 
injected into the engine cylinder by the injector.  
Next parts of common rail system are sensors of engine speed (one on the crankshaft and one 
on the camshaft), sensor of acceleration pedal, pressure in turbo sensor, air temperature 
sensor, sensor of heating liquid temperature, air flow measure, rail pressure sensor, sensor of 
camshaft position. All the data from these sensors are processed by ECU. Due to these 
components is system able to control amount, time and duration of injection right due to drive 
conditions and demand. The flow of information is shown on fig. 8. 
 
Fig. 8 Control Information flow [3]  
2.5 ADVANTAGES 
The main advantage of common rail system is possibility to deliver the fuel with constant 
required pressure (what is not dependent on engine speed in comparison to other injection 
systems; dependence is shown on fig. 9) direct into the engine cylinder directly in required 
time, required amount of the fuel and in more injection cycles. All these benefits lead to lower 
engine consumption, reduction of pollution and noise (due to pre-injection) and higher engine 
efficiency. 
Sensors ECU Actuators in injectors 
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Fig. 9 Pressure/Engine speed dependence [3] 
 
2.6 POLLUTION 
Why is common rail system so used in contemporary diesel engines? Today is the trend of 
reducing pollutions of engines by increasing the engine efficiency (not only). The pollution 
standards are set by European norms (in Europe). Actual norm is EURO 5, in 2014 is coming 
EURO 6 norm. These norms force automobile manufacturers to produce more ecology-
friendly cars producing less harmful pollution. It is really necessary to do this according to 
increasing of number of cars on the Earth. In followed diagrams is shown the development of 
the number of cars (fig. 10) and emission standards (fig. 11). 
 
Fig. 10 Number of cars development [19] 
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Fig. 11 EURO emission standards development for diesel powered cars [20] 
Because the market share of diesel powered cars is increasing (fig. 12) it is necessary to 
improve diesel engines further. Also almost all heavy duty vehicles and ships are powered by 
huge diesel engines which produce much more amount of emissions. This is why Common 
Rail System is so widespread diesel injection system. It can very significantly influence the 
amount of emissions polluted by the engine and is totally easy to mount and is able to multi-
platform usage. 
 
Fig. 12 Market share of diesel-powered cars in Europe [21] 
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3 RAIL 
The rail body is a part of high pressure circuit. Tasks of the rail are: 
- accumulation of the fuel under high pressure with constant required  pressure value, 
- distribution of the fuel into the injectors, 
- damp of the pressure waves occurred during fuel injection and delivery, 
- check and control the pressure value by pressure sensors and valves, 
- act as a safety device in case of pressure excesses. 
There are two different types of rails dependent on the manufacturing process: 
- hot forged rail (HFR), 
- laser welded rail (LWR). 
Equipped rail body is on fig. 13. In general, rail body shape is different for many types. The 
shape of body is dependent on maximal fuel pressure (rail generation), number of engine 
cylinders (number of high pressure outlets), customers space requirements (number and 
position of mounting brackets), application, etc. 
 
Fig. 13 Equipped rail body [3] 
3.1 ADD-ONS 
Due to applications differ rail types by equipment.  Rail bodies are assembled by three types 
of add-on components, on each rail only two of them are used (two ends of the rail body are 
configured to add-on assembly). These ad-on components are: 
- rail pressure sensor (called RDS from German Raildrucksensor), 
- pressure control valve (called DRV from German Druckregelventl), 
- pressure limiting valve (called DBV from German Druckbegrenzungventil). 
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The task of rail pressure sensor is to send the information about rail pressure in the rail to 
the ECU. Then the ECU is able to control the working pressure inside of the rail body by 
pressure control valve by changing the value of current in the valve. The aim of the pressure 
limiting valve is to regulate the pressure in the rail by draining the fuel when the pressure is 
above the maximum required working pressure value (replaces pressure control valve). All 
these add-on appliances are shown on fig. 14.  
 
Fig. 14 Rail add-ons  from left: DRV, RDS, DBV [3] 
3.2 HFR 
Hot forged rail body is an output of machining of hot forged forging. The forgings differ by 
the rail type generation, customers requirements, application, etc. The generations overview 
is on fig 15.  
 
Fig. 15 HFR generations [3] 
The shape of forging is optimized consider the working pressure and the weight of rail body. 
The main aim of the hot forged rail design is to get lightweight body with high pressure 
resistance. The machining process is divided into several stages, for this work are primarily 
important starting three operations shown on fig. 16. 
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Fig. 16 HFR machining process [3] 
 
3.3 LWR 
Laser welded rail body is made by completing and welding together machined parts of the 
rail. Base for the welding process is the fully machined body part on which are then welded 
high pressure connectors, low pressure connector and mounting brackets (purchased parts). 
All parts are shown on fig. 21. 
 
Fig. 21 LWR parts [3] 
Generations of the LWR are almost similar. There is no more free space for optimizing the 
shape of LWR rail body. LWR types differ by body length and diameter, number of high 
pressure connectors, number and position of mounting brackets, etc. The difference in LWR 
generations (overview on fig. 22) is in different internal diameter and for high pressure 
applications are used autofretted rails (more detail information about autofrettage process in 
[24]). 
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Fig. 22 LWR generations [3] 
 
The LWR machining process consists of two main operations  deep hole drilling and axial-
radial machining at once, what is important for this work and for understanding of main 
differences between HFR and LWR machining processes. Next operations are deburring, 
washing and welding. LWR machining process is shown on fig. 23. 
 
Fig. 23 LWR machining [3] 
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3.4 TOOLS 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter concerns with tools using for HFR and LWR 
machining. 
 
3.5 MACHINES 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter deals with machines using for machining of 
HFR and LWR pieces. 
3.5.1 HFR MACHINING MACHINES 
3.5.2 LWR MACHINING MACHINES 
 
3.6 MATERIAL FLOW  USAGE OF LWR MACHINES 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter concerns with possible material flow and use of 
LWR machines. 
 
3.7 AXIAL MACHINES AND CLAMPING FIXTURES COMPARISON 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter deals with direct comparison of machines being 
used just for axial machining.  
 
3.8 AXIAL MACHINING CLAMPING FIXTURES 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter deals with clamping fixtures by which are 
equipped machines for axial outlets machining.  
 
3.9 TYPES CHOICE 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter concerns with real rail types choice for further 
simulation. 
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CLAMPING FIXTURE DESIGN 
 
4 CLAMPING FIXTURE DESIGN 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter is about modification of current using clamping 
fixture for LWR machining.  
 
4.1 CLAMPING FIXTURE DESIGN MODIFICATIONS 
4.2 CLAMPING JAWS DESIGN 
4.3 CENTERING UNIT DESIGN 
4.4 COMPLETE MODIFIED CLAMPING FIXTURE 
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STRESS ANALYSIS 
 
5 STRESS ANALYSIS 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter concerns with stress analysis of designed parts. 
The strength analysis is calculated using Ansys Workbench software.  
 
5.1 CLAMPING FORCE 
5.2 BOLTS PRETENSION 
5.3 STRESS ANALYSIS CALCULATION 
5.3.1 MODEL SIMPLIFICATION AND MATERIAL CHARACTERISTICS 
5.3.2 MODEL PREPARATION  
 
5.4 FINAL RESULTS EVALUATION 
5.4.1 CONTACT SURFACE 
5.4.2 BOLTS DEFORMATION 
5.4.3 CLAMPING JAW TOTAL STRESS ANALYSIS 
BRNO 2012 
 
 
28 
 
WORKING-PIECE ROTATION 
 
6 WORKING-PIECE ROTATION 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter is about the possibility of piece rotation during 
machining. 
 
6.1 MACHINING FORCES CALCULATION 
6.2 FRICTION EFFECT 
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RADIAL CLAMPING FIXTURE 
 
7 RADIAL CLAMPING FIXTURE 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter is about the possibility of using LWR machines 
for radial machining and problems with this solution. 
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ECONOMIC CALCULATION 
 
8 ECONOMIC CALCULATION 
This chapter contains sensitive intelligence, more information on request by Bosch Diesel 
s.r.o. in Jihlava, MFR21 department. Chapter concerns basic economic evaluation of chosen 
option of manufacture change. 
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CONCLUSION 
 
CONCLUSION 
This work was focused on the new plan of hot forged rail manufacturing process using 
machines for current manufacture of laser welded rails. This situation could come with 
possible decreasing demand of laser welded rails. 
At first it was necessary to analyze current manufacturing processes of these two types of 
rails, using machines, tools, clamping fixtures, etc. Next step was to find the better solution of 
possible material flow.   
I have chosen the variant using all ELHA machines for axial machining of hot forged rails. 
This will bring increase of production with minimal costs of necessary modifications of using 
clamping fixtures. 
The main aim was to design or modify the clamping fixtures which are being used for 
machining of laser welded rails. I have come with modifications of clamping jaws and design 
of necessary centering units.  According to stress analysis of all design options I have chosen 
the variants with knurling contact surface which should work without any problems. I have 
also chosen the variants of centering units with metal strip spring to provide correct position 
of forging during machining. Attached are all calculations, models and drawings of designed 
and recommended variants. 
The last chapter of this work deals with evaluation of economy side of manufacturing process 
change. Chosen variant bring best relation between necessary costs of all modifications and 
effective use of machines. 
I believe this work could serve as input in case of possibility of manufacturing process 
change. 
I believe I have successfully accomplished all set aims of this work.  
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ATTACHMENT LIST 
 
LIST OF SHORTCUTS 
CNC  Computer numeric control 
DBV  Druckbegrenzungventil 
DRV  Druckregelventl 
ECU  Engine control unit 
HB  Brinell hardness number 
HFR  Hot forged rail 
HP connection  High pressure connection 
HRC  Rockwell hardness number 
LP connection  Low pressure connection 
LWR  Laser welded rail 
RDS  Raildrucksensor 
   
 
